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Abstract 
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equation with collision integral in the form relaxation type is used. 
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BBE^EHHE 

B HacTOHineft pa6oTe BbiBOflflTCH cpopMyiibi ^jih BbiHucjiemra sjieK- 

TpHHeCKOH npOBOflHMOCTH H flHSJieKTpilHeCKOH iipOHHIjaeMOCTH B KBciH- 
TOBOH MaKCBejIJIOBCKOii CTOJIKHOBHTejIbHOH njia3Me. IlpH BblBOfle KHHe- 

THHecKoro ypaBHemra HaMH o6o6m,aeTCH no^xo,!],, pa3BHTbiit Kjihmohto- 

BHHeM H CHJIHHbIM [T] . 

^HSjieKTpHHecKaa npoHHi^aeiviocTb b 6eccTOJiKHOBHTejibHoii KBaHTO- 
boh ra30Boii njia3Me H3ynajiacb MHorHMii aBTopaMii [T]— [T2]. B pa6oTe 
[5], r^e HCCJieflOBaH oflHOMepHbiit cjiyHaft KBaHTOBoii njiasMbi, OTMGHa- 

JiaCb Ba>KHOCTb BblBOfla flHSJieKTpHHeCKOH npOHHI^aeMOCTH C HCnOJIb30- 

BaHHeM KBaHTOBoro KHHeTHnecKoro ypaBHeHH^ c HHTerpajiOM ctojik- 
HOBeHHii b cpopivie BTK-Mo^ejiH (BxaTHarap, Tpocc, Kpyx). HacTOH- 
masi pa6oTa nocB^meHa BbinojiHeHHio stoh sa^a^ii fljia MaKCBejuiOBCKoft 
njia3Mbi. 
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^HSJieKTpHHeCKa^ npOHHH,aeMOCTb HBJI5ieTC5I OflHOH H3 Ba>KHGHIIIHX 

xapaKTepncTHK njia3Mbi. 3Ta BejiiiHima HeoSxoflHMa fljra aHajiH3a no- 
BepxHOCTHbix njia3MOHOB [9] , fljia H3yneHH5i MexaHH3Ma npoHiiKHOBemia 
sjieKTpoMarHHTHbix bojih b njia3My [7] , h fljisi aHajiH3a ^pyrirx npo6jieM 
B (pII3IIKG njia3Mbi. 

KjiHBep ii OyKC [3] nepBbiMH 3aMeTHjiH, hto BbiBe^eHiiasi iliiHflxap- 

flOM flHSJieKTpHHeCKaa (pyHKI^IIil flJIfl KBaHTOBOH njia3Mbi B CTOJIKHO- 

BHTejibHOM pe>KHMe He nepexo^HT b ^HSjieicTpHHecKyio cpyHKiniio fljia 
KjiaccHHecKoft njia3Mbi b npe^ejie, Kor^a nocTOiiHHasi IIjiaHKa h CTpe- 
miitch k Hyjiio. 3to 3HaHHT, hto flHSJieKTpHHecKa^ (pyHKii,HH JiHH^xapfla 
He yniiTbiBaeT KoppeKTHO CTOJiKHOBeHiisi sjieKTpoHOB. KjiiiBep ii OyKC 
"noflnpaBHjiH" flHSJieKrpHHecKyio cpyHKHHio ilHH/rxapfla Tax, htoSm 
OHa nepexoflHjia b KjiaccHHecKyio npn h — > 0. B pa6oTe [4] 6biji npoBe^eH 
KoppeKTHbiii yneT CTOJiKHOBeHiift b paMKax pejiaKcauHOHHoft Mo^ejiH b 
npocTpaHCTBe HMnyjibcoB ajiercrpoHOB npn nocTpoemiii npo^ojibHOH j\yl- 

9JieKTpHHeCKOil (pyHKHHH. 

B to >Ke BpeM5i fljiH nonepeHHOii flHSJiercrpHHecKOH npoHHuaeMOCTH 

KOppeKTHOrO y^ieTa BJIH5IHH5I CTOJIKHOBeHHH B KBaHTOBOH MaKCBejIJIOB- 

ckoh njia3Me j\o chx nop npoBe^eHO He 6bijio. 

L^ejibio HacT05nneft pa6oTbi 5iBji5ieTC5i ycTpaHeHHe yKa3aHHoro Bbinie 
npo6ejia h BbiBOfl (popMyji sjieKTpiinecKoft npoBO^iiMOCTii h flrojieKipH- 

HeCKOH CpyHKI^HH fl.7151 KBaHTOBOH MaKCBejIJIOBCKOH CTOJIKHOBHTejIbHOH 

njia3Mbi. 



1. KHHETHHECKOE YPABHEHHE ^Jltt QYHKIJHH 

BHrHEPA 



PaccMOTpHM ypaBHeHiie LUpe^HHrepa, 3anncaHHoe fljra nacTHHbi b 
sjieKTpoiviarHHTHOM nojie Ha MaTpnuy hjiothocth p: 



3^ecb H - onepaTop TaMHjibTOHa, H* - KOMiuieKCHO conp5i>KeHHbiH 
k H onepaTop, H* - KOMnjieKCHO conp5DKeHHbiH k H onepaTop, fleii- 
CTByioinHH Ha HiTpHxoBaHHbie npocTpaHCTBeHHbie nepeMeHHbie r'. 

OnepaTop TaMHjibTOHa CBoGoflHoft nacTHHbi, Haxofl^meHCfl b nojie 
CKajiapHoro noTeHH,Hajia U iib nojie BeKTopHoro noTeHHHajia A, HMeeT 



ih-±- = Hp- H*'p. 
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(p - ; A ) 2 

H = ^ + eU = 

2m 



f .(pA + Ap) + ^A 2 + e/7. 



, ... , . . . (1.2) 

2m 2mc " 2mc l 

S^ecb p - onepaTop HMnyjibca, p = —ihV, e - sap^fl sjiercrpcma, m 
- ero Macca, c - CKopocTb CBeTa. 

OnepaTopbi H h H*\ BbiHHOiieHHbie ot MaTpHHbi hjiothocth, HMeiOT 



ieh 



2m 

h 2 



E "» = -h A ' p ~ H ( 2A ' VV + ' V ' A ) + ^? A ' 2 ' + (L4) 

OnepaTopbi V h A b (1.3) h (1.4) ^eiicTByiOT Ha HeniTpHxoBaHHbie 
npocTpaHCTBeHHbie nepeMeHHbie MaTpnubi njiOTHOCTH, T.e. V = Vr, 
A = Ar. B onepaTope H* cmpjeT 3aMeHHTb OnepaTopbi V = Vr h 
A = Ar Ha OnepaTopbi V' = Vr h A' = Ar^, Kpoivie Toro, BBe^eHbi 
o6o3HaHeHH5i A' = A(R', t), U' = U(R!,t). CB5i3b MeiKpy MaTpHueii 
njiOTHOCTH p(r,r',t) h cpyHKHHeii BnrHepa /(r, p, t) ^aeTca o6paTHbiM 
h np^MbiM npeo6pa30BaHH^MH Oypbe 



a 



f(r,p,i) = / p(r + -,r 



a 



t)e- ipa/h d 3 a, 



p(R,R',*) = 



1 



/(5l + ?L > p > t) c ip(R-R')/» d 3p. 



(2tt^) 3 J J v 2 

OyHKHHH BnrHepa srejraeTCsi aHajioroM cpyHKHHH pacnpeflejieHH^ fljia 
KBaHTOBbix CHCTeM. IIoflCTaBjisra npeflCTaBjieHHe MaTpHHbi iijiothocth 
nepe3 cpyHKHHio BnrHepa b ypaBHeHne IIIpe^HHrepa Ha MaTpniry hjiot- 
hocth (1.1), nojiynaeM cjieflyiomee ypaBHeHne: 

1 



dt {2nhf 




m 2mc 



ieh 
2mc 



A(R, t) + A(R',t) 



V/- 



mc 



divA(R,f) + divA(R',f) /+ 
A(R, t) - A(R', t)l p'/+ 
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+^- 2 [A 2 (R, t)- A 2 (R', t)] f+e [t/(R, f)-tf(R', f)] /}e^ R - R ')/ W 

(1.5) 

B ypaBHGHiiii (1.5) iiojiojkhm 

R = r + -, R' = r--. 

Tor^a b 3tom ypaBHCHiiii 

/( 5 ^,p',t)e' p ' (R - R '» / ' ! = /(r,p',t)e*'»//>. 

OnycKasi ^jiHTejiBHBie BbiHiicjiemra, npHBe^eivi KHHeTHHecKoe ypaB- 
HGHiie fljia (pyHKi^HH BiirHepa: 



| + I( p -£a)v/ 

ot m\ c / 



mc 



■(divA(r,*))/(r,p,*) = wafl. (1.6) 



B ypaBHeHHH (1.6) chmboji W[f] - HHTerpaji Buraepa — BjiacoBa, 
onpefleji^eMbiH paBeHCTBOM 

e 



W[f} = 




2mc 



A(r + |,*) + A(r-|,*)-2A(r,f) 



V/ + 



mch 



A(r + |,*)-A(r-|,f) p'/+ 



2mc 



div A(r + ^, £) + div A(r -^,t) -2 div A(r, t) 



ie 



2mc 2 h 



A a (r + |,t)-A s (r-f,*) 



/- 



tf(r+|,t)-tf(r-|,t) 



rl J(p / -p)a/?t ^ 3a ^V 
j J {27Th) S ' 



3HeprH5i HacTHu,bi paBHa 



£ = £(r, p, f) = ±- (p - ^ A(r, *))' + e£/(r, f). 



Tor^a CKopocTb HacTHijbi v paBHa 



v = v(r, p, t) = ^ = — (p - -A ) , 
dp m V c 



(1.7) 
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Kpoivie Toro, 

g 

Vv = div A. 

mc 

CjieflOBaTejibHO, jieBaa HacTb ypaBHemra (1.7) paBHa: 

% + - (p - -A) V/ - /— div A = % + vV/ + /VA = 

ra\ c / mc ot 

= g + V(v/). 

riosTOMy ypaBHeHHe (1.7) mo>kho nepenncaTb b BH^e CTaH^apTHOM 
,a;ji5i Teopiiii nepeHOca BH^e: 

| + * (V/) = W (1 . 8 ) 

2. PEJIAKCAU,HOHHA5I MO^EJlb KHHETHHECKOrO 

YPABHEHH5I 

B cjiy^ae CTOjiKHOBHTejibHofi njia3Mbi b npaByio HacTb KiiHeTiiHecKO- 
ro ypaBHeHHH (1.8) ^oSaBHM HHTerpaji ctojikhobghhh pejiaKcan,HOHHoro 
Tnna 

B ypaBHeHHH (2.1) r - cpe^Hee BpeMH MejK^ay ^ByMH noaneflOBaTejib- 

HblMH CTOJIKHOBeHHHMH, T = 1/V, V - 3CpCpeKTHBHaH HaCTOTa CTOJIK- 

HOBeHHH, /(°) - - jioK&jibHO paBHOBecHoe pacnpe^ejieHHe MaKCBejuia— 
Bojibn,MaHa, 

/<») = N (i ) 3/ V^. 

S^ecb ks - nocTOHHHaa Bojibi^MaHa, T - TeivinepaTypa njia3Mbi, N 

- KOHLI,eHTpaiI,H5I (HHCJIOBa^ njIOTHOCTb) SJieKTpOHOB B paBHOBeCHOM co- 

CToaHHH. BBe^eM 6e3pa3MepHyio CKopocTb sjiercrpcmoB C(r, p,t): 

v(r,p,f) p e 
C r,p,f) = = A(r,£), 

Vt Pt cpt 

1 m 

r^e -ut = —7= - TenjiOBaa CKopocTb sjiercrpcmoB, p = 



VP 2/c#i 
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Tenepb jiOKajibHO paBHOBecHasi (pyHKinia mojkct 6biTb npe^CTaBjieHa 

Hepe3 CKOpOCTb SJieKTpOHOB KaK 

/«»)(r,p,t) = ivg) 3/2 e ^, (2.2) 

hjih, nojiaraa r = — , b mbhom Bn^e 

Pt 

/<°>(r,P,*) = iV^^exp [- (P - — A(r,*)) 2 ]. (2.2') 

\7T/ L V CPt ' -I 

OTMeTHM, hto b cjiynae nocTOHHHoro noTeHHiiajia A = const paBHO- 
BecHasi (pyHKii,HH pacnpe^ejieHHH (2.2) 5iBji5ieTC5i peinemieM ypaBHemisi 
(2.1). 

HaiifleM cpe/THioio CKopocTb ajieKTpoHOB b paBHOBecHOM coctohhhh: 

u (0) M) = J v(r,p,t)/(°)(r,p,t)^. 

Ilocjie 3aivieHbi nepeMe-HHbix p — (e/c)A = p' nojiy^aeM: = 0. 

HTaK, CKOpOCTb 3JieKTpOHOB B paBHOBeCHOM COCT05IHHH paBHa HyjIK). 
3aMeTHM, HTO HHCJIOBa^ njIOTHOCTb SJieKTpOHOB H HX cpe-flHsra CKO- 

pocTb yflOBjieTBopaiOT o6biHHOMy ypaBHGHiiio HenpepbiBHOCTii; 

dN 

— + div(Mi) = 0. (2.3) 

fljifl BbiBO^a ypaBHGHii5i HenpepbiBHOCTii (2.3) Hy>KHO nponHrerpn- 
poBaTb KHHeTnnecKoe ypaBHeHne (2.1) no ckopocthm n Hcnojib30BaTb 
onpe^ejieHne hhcjioboh hjiothocth h cpeflHeii CKopocTH. 3aTeM cjie^yeT 
BOcnojib30BaTbC5i 3aKOHOM coxpaHeHH5i HHCjia nacTHii, h npoBepHTb, HTO 
HHTerpaji no ckopocthm ot HHTerpajia Bnraepa— BjiacoBa paBeH Hyjno. 
B caMOM flejie, HMeeivi: 

/ w[s] Wk = 2 1 H" } e ' p ' a/hs{a) Mj/ = 
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h6o, KeiK HeTpy^HO npoBepHTb npocToii noflCTaHOBKoft, 



{-} 



= 0. 



a=0 



S^ecb chmboji {• • • } 03HanaeT to >Ke caMoe Bbipa>KeHHe, hto h b 
npaBoii Hacra cooTHOineHHH (1.7). 

3aMeTHM, hto jieBaa nacTb KHHeTHHecKoro ypaBHemia (1.11) hjih 
(2.1) npno6peTaeT CTaH^apTHbiH fljia TeopHH nepeHOca bh^ npii cjie^y- 

K)m,eM yCJIOBHH KajIIl6pOBKH ! 



divA(r,f) = 0. 



(2.4) 



ripii 3tom, T.e. b cjiynae Kajiii6poBKii (2.4), KHHeTHnecKoe ypaBHeHHe 
(1.11) npHHHMaeT bh^: 



f + vg = B\f,f\ + W\f\, 
b KOTopoM HHTerpaji BnrHepa— BjiacoBa paBeH: 



(2.5) 



W[f] = 




2mc 



A(r + |, *) + A(r - |, *) - 2A(r, *) V/ + 



le 



mch 



A(r + |,t)-A(r-|,t) p'f- 



ie 



2mc 2 h 



A 2 (r + |,t)-A 2 (r-|, t) 



f- 



[£/(r + -,t)-£/(r-- >t ) 



/ e 



«(p'-p)a/fi 



d 3 a 

(27r/l) 3 ' 



(2.6) 



3. JIHHEAPH3ALI,H5I KHHETHHECKOrO YPABHEHHil 

H ErO PEIIIEHHE 



Byn,eM paccMaTpiiBaTb KHHeTHnecKoe ypaBHeHHe c HHTerpajiOM ctojik- 

HOBeHHH B (pOpMe T-MOflejIH. 
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BeKTopHbifi noTemjiiaji B03bMeM opToroHajibHbiM HanpaBjieHHio boji- 
HOBoro BeKTopa k : kA = b BH^e Gerymeii rapMOHiinecKOH BOJiHbi: 

A(r,*) = A e i(kr - W<) . 

Byn,eM CHHTaTb nojie BGKTopHoro noTeHunajia flocTaTOHHO MajibiM. 
3to npe/jnojico-KeHHe no3BOJi5ieT jiHHeapii30BaTb ypaBHeHHe h npeHe- 
6penb KBaflpaTHHHbiMH no nojiio cjiaraeMbiMH. 

Tor/oa ypaBHeHHe (2.5) ynpomaeTca: 



(3.1) 



B ypaBHeHHH (3.1) jioKajibHO paBHOBecHoe pacnpeflejiemie MaKCBejuia- 
BojibH,MaHa HMeeT bh^ (2.2). Hnrerpaji BnrHepa — BjiacoBa (2.6) Taioice 
cyin,ecTBeHHO ynponjaeTca h HMeeT cjie/ryiomHH bhji: 



W[f] = 



3aMeTHM, HTO 



te 
mch 



A(r + |,f)-A(r-|,f) 



p'x 



x/e l(p '- p)a/ ¥aA'. 



(3.2) 



A(r + -,f)-A(r--,*) = A(r,t) 



e ^ka/2 _ e -ika/ 2 



BbiHHCjiaa HHTerpaji b (3.2), Haxo/jiiM, hto 



le 



ika/2 _ -ika/2 



e i(p'-p)a/^3 a ^/ 



BHyTpeHHHH HHTerpaji paBeH: 
1 



(2tt/i) : 





r , khi 








| exp ^ 




-) 

h) 


— exp (i 





= <5(p'-P + ^)-<5(p'-p-y). 

Ilocjie fljiHTejibHbix BbiHHCJieHHH HaxoflHM HHTerpaji BnrHepa — Bjia- 
coBa: 

W[f} = 

^/[*(p'-p + ?)-*(p'-p-?)]p7(r,^t)^ = 



= A(r,*) 
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= A(r ' ^ K p " T) /(r ' p " - ( p + T) /(r ' P + T'^ 



^ '^mc/ll P 



/(r,p- — ,t)-/(r,p + — , t) 



hk 
T 



„, ^k . hk . 

/(r,p-— ,*) + /(r,p+— ,*) 



r^e 



= A < r -^p(/ + -/-) 



/i = /(r,PTy,t). 



Cjie^OBaTejibHO, HHTerpaji Biiraepa— BjiacoBa paBeH: 



/+-/ 



mch 



PA(r,f) 



U-f- 



ch 



PA(r,t) 



/+-/- 



(3.3) 



S^ecb h hedkg Bbipa>KeHHe PA 03HaHaeT CKajrapHoe nporoBefleHiie. 
flajiee yn,o6Hee Hcnojib30BaTb 6e3pa3MepHyio CKopocTb C b BH^e: 

C = — = — - — A(r,*) =P- — A(r,£), 

p 

rfle P = 6e3pa3MepHbiii HMnyjibc. 

Pt 

B jiHHeiiHOM npii6jiii>KeHHii cpyHKi^iiio / b HHTerpajie BiirHepa— Bjia- 

COBa MOJKHO 3aMeHHTb Ha a6cOJIK)THbIH MaKCBGJIJIIiaH, T.e. nOJIO>KHTb 

/ = /mCP), r^e 

IlpH 3tom HHTerpaji BnrHepa— BjiacoBa (3.3) 6yn,eT HMeTb bh^: 
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ry];e 



/i./i(p) = ivg) 3/ V^. 

a px = mvT - TenjiOBoii HMnyjibc sjieKTpoHOB. S^ecb 



Fi= (PT 



q 



JliiHeapH3aii,HK) paBHOBecHoro pacnpe^ejieHHH MaKCBejuia— BojibijMaHa 
(3.2) npoBe^eM OTHOCirrejibHO BeKTopHoro noTeHi^iiajia A(r,£): 



j(0) = j(0) 
HJIH, B 5IBHOM BH^e: 



+ 



d f(0) 



a=o dA 



A(r,*), 



A=0 



/<»» = /M(^)(l + ^PA(r,*)) 



(3.4) 



yHHTbiBa^ pa3Jio>KeHHe (3.4), HiijeM (pyHKijuio BnrHepa b bh^g: 

r 2p 

f = f M (P) 1 + — PA(r,*)+PA(r,f)/i(P) 

L Cp T 

riojiynaeM cjie^yioinee ypaBHeHHe: 

[PA(r, *)] / M (P)/i(P)(l - zwr + zkxP) = 



(3.5) 



dT [PA(r,t)](/+ - /^) + [PA(r,t)]^/ M (P)( W r - ^P). 



Pfe SToro ypaBHGHH5i HaxoflHM: 



2^e„ 



[PA(r,*)]/ M (P)MP) = — S(P,k 1 )[PA(r,*)] 



r^e 



k x ^ r ~ ^ k i p f (P) | £ t 7m ~/m 
' U 1 - zwr + iZ r kiP W ; + fe/ 1 - iwr + ^/rkiP 



(3.6) 



C noMom,bio (3.5) h (3.6) nocTpoHM nojiHyio cpyHKi^iiio pacnpe^ejie- 



7 = / (0) + — /m(p)(pa)Mp) = 
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/ = / (0) + — (PA)H(P,k). (3.7) 

Cp T 



3j\ecb ki = k/, I - cpeflHHH j^jinHa CBo6ojj,Horo npo6era sjieKTpoHOB, 

/ = VtT, ki - 6e3pa3MepHbIH BOJIHOBOH BGKTOp. 

4. njlOTHOCTb 3JlEKTPMMECKOrO TOKA 

PaCCMOTpHM CB5I3b IIOJI5I H nOTCHHIiajIOB: 

1 3A(r,t) g^M) 

E(M, -~c^ a - • 

HJIH 

E M ) = — A(r,* . 

c 

CjieflOBaTejibHO, njlOTHOCTb TOKa CB5i3aHO c BeKTopHbiM noTeHnna- 
jiom: 

j(r,£) = cr tr — A(r,t). 

c 

Ilo onpe^ejieHHio, njlOTHOCTb TOKa paBHa: 

j(r,*)=e y v(r,p,t)fd 3 v. 

3aivieTHM, hto njlOTHOCTb TOKa b paBHOBecHOM COCT05IHIIII (Kajin6po- 
Bonasi njlOTHOCTb TOKa) paBHa Hyjno: 

j<°>M) = e y v(r,p,t)/(°)d 3 V = 0. 

B caMOM jj,ejie, ynnTbmasi, hto cpeflHHH CKopocTb sjieKTpoHOB b paB- 
HOBecHOM COCT05IHHH paBHa Hyjno, HMeeM: 

j (0) (r,t) = eiV (0) uW(r^) = 0. 

CjieflOBaTejibHO, c ncnojib30BaHHeM paBeHCTBa (3.8) rjisi njiOTHOCTH 
TOKa HMecM paBeHCTBo: 

jM) = — / (AP)v(r,p,t)S(P,k)A. 
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IlOflCTaBJIira B 3TO paBeHCTBO HBHOe BBipa>KeHHe flJIH CKOpOCTH 

v ( r p t ) = P. _ eA M) = PtP _ eA(r,t) 

m mc m mc 

h, jiHHeapH3ya ero no BGKTopHOMy nojiio, nojiynaeM: 

j(r,*) = — / [PA(r,t)]PS(P,k)^. (4.1) 
cm J 

A 

Bo3BMeM eflHHHHHBiii BeKTop ei = — , HanpaBjieHHBiii b^ojib BeKTopa 

A 

A. Tor^a paBeHCTBO (4.2) mojkho 3anncaTB b BH^e: 



J(r,t) = 2 ' e2 f r '* ) /" (P ei )PB(P,k)d 3 P, (4.2; 



B CHjiy CHMMeTpHH 3HaneHHe nnrerpajia (4.2) He hsmchhtch, ecjin 
BeKTop ei 3aivieHHTB Ha jho6oh ^pyron e^HHHHHBiH BeKTop e 2 , nepneH- 
flHKyjiHpHBiii BeKTopy ki, T.e. 

A x ki A x ki 

62 = |A x ki| = Aki ' 

npnneM A x k] ecTB BeKTopHoe nponsBefleHne. 

Pa3jio>KHM BeKTop P no TpeM opToroHajiBHBiM HanpaBjieHH^M ei, e 2 
ki 

n n = — : 

h 

P = (Pn)n + (Pei)ei + (Pe 2 )e 2 . 

C noMom,Bio SToro pa3Jio>KeHH5i nojiynaeivi: 

(PA)P = A(Pei)P = 

= A(Pei)(Pn)n + A(Pei) 2 ei + A(Pei)(Pe 2 )e 2 . 

rioflCTaBjiHH 3to pa3jio>KeHHe b (4.2), h, ynnTBiBaa, hto HHTerpajiBi 
ot HeneTHBix (pyHKunii no CHMMeTpnnHOMy npoivie>KyTKy paBHBi Hyjiio, 
nojiynaeivi: 

= 2»e 2 A(r,t) t (p^p* p n) Sp (4 3) 

cm / 
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Bbh^y CHMMeTpiiH 3HaHeHHe HHTerpajia He H3MeHHTC5i, ecjin BeKTop 
ei 3aivieHHTb Ha jho6oh ^pyroii eflHHHHHbiH BeKTop e2, nepneHfliiKyirap- 
Hbiii BeKTopy ki. IIosTOMy 

j (e 1 P) 2 [...]d'P = J (e 2 P) 2 [...]d'P = 



1 

2 



[■■■}d 3 P. 



eiPj + (e 2 P^ 

3aivieTHM, hto KBa^paT fljiHHbi BeKTopa P paBeH: 
P 2 = (P ei ) 2 + (Pe 2 ) 2 + (Pn) 2 , 

OTKy^a 



( ei P) 2 +(e 2 P) 2 = P 2 - 



= P 2 - (Pn) 2 = P 



r fl e -Pi ~ npoeKUHH BeKTopa P Ha npaiviyio, nepneHfliiKyjiapHyio njioc- 
kocth (ei, e 2 ). 

OTCio^a fljiH njiOTHOCTH TOKa nojiy^aeM cjie^yiomee BbipajKemie 

j(rit) = !f!^M) /" S (p,k)PldV 

cm J 

3aivieH5i5i tok b jieBoii HacTH SToro paBeHCTBa BbipajKeHiieivi Hepe3 
nojie, nojiynaeM: 



y s(p,k)p 2 dv 



5. 3JIEKTPHHECKA5I nPOBO^HMOCTb H 
^M3J1EKTPMMECKA5I nPOHMD,AEMOCTb 



3anHineM npe^biflymee BbipajKemie b 5ibhom BH^e: 



e 2 iV 



0*r = 



IJILUTT 3 / 2 

S^ecb 



LOT - kiP 

1 — iujt + ik\V 



MP) + 



/o~ fo 



hv 1 — zcjr + ikiP 



Pj^P 



(5.1) 



/o(P) = e 



_ P 2 



/o* = /o(P±) = = e 



p 
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Pfe nocjieflHeii cpopMyjibi nojiynaeivi BbipajKemie nonepeHHoii flirajieK- 
TpHHecKOH npoHHu;aeMOCTH b kb&htoboh MaKCBejuiOBCKOH njia3Me: 



Otr = ^^TT 2 f H(P, k)P 2 ± d 3 P. (5.2) 



e 2 N 

Speech o"o = KjiaccHHecKaa npoBO^HMOCTb. 

mv 

^HSjieKTpHHecKaa npoHnijaeMOCTb KBaHTOBoii MaKCBejuiOBCKoii ctojik- 
HOBHTejibHoii njia3Mbi onpeflejiaeTCH BbipajKeHiieM: 

2 

Sir = 1 + — = 1 + i^-L f S ( P ' k ) P !^- ( 5 - 3 ) 

B fljiHHHOBOJiHOBOM npe^ejie (xorfla k — > 0) H3 (popiviyjibi (5.2) no- 
jiyHaeM H3BecTHoe KjiacciiHecKoe BbipajKeHiie: 

Otr = ; : — = ctq- 



1 — iur v — iu 
PaccMOTpiiM KBaHTOBOMexaHHHecKHH npe^eji (h — > 0) sjigktphhg- 

CKOH npOBOflHMOCTH B CJiy^ae npOH3BOJIbHbIX 3HaHeHHH BOJIHOBOrO HHC- 

jia, T.e. npe^eji sjieKTpiiHecKoii npoBO^HMOCTH b cjiy^ae, Kor^a nocTO- 
HHHaa EtjiaHKa CTpeMiiTca k Hyjiio, a BejiiiHima BOJiHOBoro HHCJia k - 
npoH3BOJibHaa. IlpH Majibix h HMeeM: 



k 

-p 2 ±p- 



/o ± = e~ kT =f (P)(l±P hT j 
CjieflOBaTejibHO, 

2 

(lot - k/ T P)/ (P) + f^[/o(P+ - /o(P-)] = wr/o(P)- 
TaKHM o6pa30M, b jihhghhom npii6jiii>KeHHH npn Majibix h (He3aBii- 

CHMO OT BejIHHHHbl k) flJIH IIOIiepeHHOH SJieKTpiIHGCKOH IipOBOflHMOCTH 

MaKCBejuiOBCKoii KBaHTOBoii CTOJiKHOBHTejibHOH njia3Mbi nojiyHaeivi: 

o tr = ^ assic , (5.4) 



15 



ry];e 



classic 
tr 



1 



e- p2 Pld 3 P 



(T 7T 3 / 2 J 1-lOJT + lkiP' ^ 

BbipajKemie (5.5) b tohhocth coBna^aeT c BbipajKemieM nonepeHHoii 
sjiercrpiiHecKoii npoBOfliiMOCTH fljra KjiaccHHecKoii MaKCBejuiOBCKOii njia3- 
Mbi c npoH3BOJibHoii TeMnepaTypoii. 

BepHeMCH k Bbipa>KeHHK) (5.2). IIpeflCTaBHM ero b BH^e cyMMbi flByx 
cjiaraeMbix: 



Oil 



a 



classic 
tr 



+ CT^, (5.6) 

r^e nepBoe cjiaraeivioe onpeflejraeTC^ paBeHCTBOM (5.5), a BTopoe - pa- 

BeHCTBOM: 



a 



quant 
tr 



1 



^0 



71 



3/2 



^ + f%o + - /el 

UJT TVjJ 



1 — iujT + zkiP 



(5.7) 



TOHHO TaK >Ke flJIH flHSJieKTpHHeCKOH npOHHI],aeMOCTH mo>kho Hann- 

caTb: 



classic _| quant 

b tr — &fr ~r b tr 



(5.7) 



B (5.7) 



classic i , • , ,_ ^ 
= 1 + % — UT ^ij2 



Pld 3 P 



'tr 



UJ" 



.quant 

-tr 



uj: 



= I- 



uj- 



■7,3/2/ 



_ klPe ^ 2 + ^(e- p + 2 



1 — icjr + zkiP ' 
, p 2 



(5.8) 



P*<PP 



1 — icjr + ikiP 
(5.9) 

Bbipa>KeHHe (5.8) b tohhocth coBna^aeT c KjiacciiHGCKiiM Bbipa>Ke- 
HneM flHSJieKTpHHecKofi npoHHu,aeMOCT MaKCBejuiOBCKOii njia3Mbi, a bbi- 
pa>KeHne (5.9) onpeflejraeTC^ KBaHTOBbiMii CBOHCTBaMH MaKCBejuiOBCKOii 
njia3Mbi. 

CorjiacHO (5.7) nojiy^aeM Bbipa>KeHHe fljra flrojieKTpiiHecKoii npomi- 
u,aeMOCTH b KBaHTOBoii CTOJiKHOBHTejibHOH njia3Me: 

,2 



£tr = 1 + 



uj 2 4^/2(0;) 




UJT 



kiP 



P2 rf3p 



1 — zcjt + ikiP 



(5.10) 
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6. IIPABHJIO CYMM 

IlpoBepHM BbinojiHeHHe OflHoro H3 coothohighhh , Ha3biBaeMoro Ha- 
3biBaeMoro npaBiuiOM /-cyMM (cm., HanpiiMep, [14], [TT]) nonepeH- 
hoh flHSjieKTpHHecKofi npoHHi^aGMOCTH (6.14). 3to npaBHjio Bbipa>KaeT- 
csi (popMyjiofi (4.200) H3 McmorpacpHH 



DO 

— oo 

KaK noKa3aHO b [H], ^jih flOKasaTejibCTBa cooTHOineHHsi (6.1) ^ocTa- 
tohho flOKasaTb BbinojiHeHHe npe^ejibHoro cooTHOHiemra 

£ir(q,ui, v) = 1 |+o( — ), cj ->• oo. (6.2) 

H3 Bbipa>KeHH5i (5.9) bh^ho, hto 

quant { \ 



Vur/ 

C noMom,bio SToro npe^ejibHoro cooTHOHiemra npeflCTaBHM cooTHOine- 
hhg (5.10) c ncnojib30BaHiieM paBeHCTBa (5.7) npii 6ojibiiiHx u (u ^> 1) 
b BH^e: 

gfr = 1 + 3/22 /1 : 1 -i p +0 (~ ' w^oo. 6.3) 

7r 6 / z UJ Z J I — ILUT + IKiP \co z J 

HeTpy^HO BH^eTb, hto cooTHonieHiie (6.3) npii cj — > 00 3aniiCbiBaeTCH 

B BHfle 

2 

^ =i -^/ e " p!p ^ 3p + o (i)' < 6 - 4 ) 

H3 cooTHonieHHH (6.4) h BbiTexaeT cooTHoniGHiie (6.2), ecjin y^ecTb, 



1 



7T 



3/2 



e- p 'P 2 ± d 3 P = 1. 



7. BblHHCJIEHHE 3JIEKTPHHECKOH 
nPOBOAHMOCTM H AH3JIEKTPHHECKOH 
nPOHMI^AEMOCTH 
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HaHHeM c sjieKTpiiHecKOH npoBO^HMOCTH. BeKTop k HanpaBHM B^ojib 

OCH X. 3aMeTHM, HTO 



1 — IUJT 



+ iklP x = ikl(p x - = ikl(P x - 

= ikl{p x - z -)=il{p x - z -), 



UJ + IV 

kvl 



y v q 

rj\e q - 6e3pa3MepHoe BOJiHOBoe hhcjio, q = — , 

/>'/ 

UJ + %V UJ V 

z = x + iy=- , x = , y 



krvr krvr krvr 

3aMeTHM TaK>KG, HTO 

V\ 2 , n2 , n 2 fry 9\ 2 , n 2 



Tenepb (popMyjiy (5.1) mojkho nepemicaTb b Bii^e: 

a iqk T hK 3/2 J P x -z/q 
3Ty (popMyjiy npe^CTaBHM b BH^e 

^.classic ^ ^ /■ e -T 2 ^ T iy 



cr 



7T J t - z/q q 



-00 



r^e 



2 



1 /" e~ r 
Vtt 7 T-z/q 



dr 



— oo 

Tohho Tax >Ke, fljia KjiaccHHecKofi ,0,113 jieKTpiiHecKoii (pyHKi^nn nojiy- 
Haeivi: 

9 °° 2 9 

sfr ic = 1 + / ^ = 1 + (7.2) 

xqy/n J T-z/q xq 



Sflecb 
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riepeiifleM k BbiHiicjieHiiio KBaHTOBbix nonpaBOK. JJ^jisi sjieicrpiiHGCKoii 
npOBOflHMOCTH iiMeeivi: 



<j 



quant 
tr 



IV 



CJ7T 3 / 2 



r e - r 1 

J 



- z/q 



hukThq^ 3 ^ 2 



(fo + -fo)Pld*P 
P x ~ z/q 



OTCiOfla nojiynaeM 



quant 
tr 



iy 

x 



Kz/q)+ l -T(z A ) 



(7.3) 



oo 



\{z) = l + zt(z), T(z,q) = 



~dr 



{T-z/qY-{q/2f 



— oo 



Ha ocHOBamiii (7.3) fljra fliisjieKTpiiHecKoii (pyHKiniH nojiynaeM: 



_ quant 

'-tr 



UJ, 



1 



= —j-\\(z/q) + -T{z,q)] 



(7.4) 



w- • ' - 2 

BbinnnieM Ha ocHOBaHiiii npeflbiflymiix paBeHCTB cpoptviyjiy fljra sjieK- 

TpiIHeCKOH npOBOflHMOCTH 



0"O X 

II flJIH flHSJieKTpHHeCKOH (pyHKUHII 

„2 



- + X(z/q) + g) 

9 ^ 



(7.5) 



— 1 o 



X z 



X 



1 



- -t(z/q) + A(*/g) + -T(*, q) 
q z 



(7.6) 



8. AHAJIH3 PE3YJlbTATOB H 3AKJIIOHEHHE 



fljra HiicjiGHHoro ii rpacpHHecKoro aiiajiii3a BOcnojib3yeMC5i cpopMy- 
jiaMii (7.1)-(7.6). 

Ha piic. 1-4 ii 7,8 Bee KpiiBbie 1 OTBe^aiOT KjiacciiHecKoii njia3Me, a 

KpiIBbie 2 - KBaHTOBOH. 

Ha piic. 1 ii 2 npeflCTaBjieHbi 3aBiiciiMOCTii fleiicTBiiTejibHOH ii mhh- 
moh HacTeii OTHOCirrejibHoii sjieicrpiiHecKOH npoBOfliiMOCTH Re(o"i r /cro) 
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H Im((Jtr/&o) KBaHTOBOH II KJiaCCHHCCKOH njia3MbI OT BCJIHHHHbl 6e3- 

pa3MepHoii HacTOTbi KOJie6aHHH BeKTopHoro noTeHHHajia x = u/krVT 
jjjia cjiynaa q = 0.05, y = 0.01. Otmcthm, hto npn x ^ 0.5 bcjihhhhbi 
fleiiCTBHTejibHoii h mhhmoh HacTeii KjiaccHHecKoii h KBaHTOBOH njia3Mbi 
npaKTH^ecKH coBna/iaiOT. IlpH yMHebineHHH 3HaneHHa 6e3pa3MepHoro 
BOJiHOBoro HHCjia q BejiiiHiiHbi ii ^eiiCTBHTejibHoii h mhhmoh Haereii fljia 
KjiaccHHecKoii h KBaHTOBOH njia3Mbi HaHHHaiOT Majio pa3JiHnaTbca h npii 
q = 0.1 npaKTiiHGCKii coBnajraiOT. Ha pnc. 3 h 4 npe^CTaBjieHbi 3aBii- 

CIIMOCTII flCHCTBHTCJIbHOH II MHHMOH HaCTCH OTHOCHTejIbHOH SJieKTpHHe- 
CKOH npOBOflHMOCTH KJiaCCHHeCKOH H KBaHTOBOH njia3MbI KaK (pyHKHHH 

6e3pa3MepHoro BOJiHOBoro HHCjia fljia cjiynaa x = l,y = 0.01. llpn 
q ^ 1 3HaneHH5i npoBOflHMOCTeii KjiaccHHecKoii h KBaHTOBOH njia3Mbi 
npaKTHnecKH coBnaflaiOT h npn q — > npoBOflHMOCTb KBaHTOBOH nna3- 
mm nepexoflHT b npoBOflHMOCTb KjiaccnnecKoii. Otmcthm, hto MHHMaa 

HaCTb OTHOCHTejIbHOH npOBOflHMOCTH KBaHTOBOH njia3MbI CTpeMHTC5I He 

k Hyjno npn q — > oo, KaK fleHCTBHrejibHaa nacTb, a erpeMHTca k kohch- 
HOMy npeflejiy. HaiifleM stot npefleji 

quant 

lim ^— = X JL. 

Ha pc. 5 h 6 npe^CTaBjieHbi 3aBHCHMOCTH flencTBHTejibHoii h mhh- 
moh HaCTeil OTHOCHTejIbHOH SJieKTpHHeCKOH npOBOflHMOCTH KBaHTOBOH 

njia3Mbi KaK (pyHKHHH 6e3pa3MepHoro BOJiHOBoro nncjia npn pa3jiHH- 
hmx 3HaneHH5ix 6e3pa3MepHoii naeroTbi KOJieGaHnii BeKTopHoro noTeH- 
Hiiajia npn x = 0.1, 0.2, 0.3 (fleHCTBHTejibHaa nacTb) h npn x = 1, 1.5, 2 
(MHHMaa nacTb). 3aMCTHM, hto flencTBHrejibHaa nacTb npOBOflHMOCTH 

HMeeT TOJIbKO MaKCHMyM, a MHHMaa HaCTb — H MaKCHMyM, H MHHHMyM. 
C pOCTOM BejIHHHHbl X 3HaneHHH H fleHCTBHTejIbHOH, H MHHMOH HaCTeil 

yMeHbniaiOTCH. 

B HacToameii pa6oTe BbiBefleHbi cpopMyiibi fljia BbinncjieHna nonepen- 

HOH SJieKTpHHeCKOH npOBOflHMOCTH H flHSJieKTpHHeCKOH npOHHnaeMOCTH 

b KBaHTOBOH HeBbipoKfleHHOH CTOjiKHOBHTejibHOH njra3Me. fljiH 3T0r0 
Hcnojib3yeTca KHHeTHnecKoe ypaBHeHHe BnrHepa— BjiacoBa— BojibinviaHa 
c HHTerpajiOM ctojikhob6hhh b (popMe BrK-MOflejin (BxaTHarap, Tpocc 
h KpyK). 
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Phc. 1. Cjiynali: q = 0.5, y = 0.01. 3aBHCHMocTb Re(at r / &o) ot BejiHHHHH x. 



0.04 |- 




0.5 1.0 

X 



Phc. 2. CjiyHalt: q = 0.5, y 



= 0.01. 3aBHCHMOCTb Im {(Ttr/^Oj OT BejIHHHHBI X. 



4 

q 



8 



Phc. 3. Cjiynali: x = l,y = 0.01. 3aBiiciiMocTB Re(o"f r /(To) ot BejiHHHHbi q. 




Phc. 4. Cjiynaii: x = l,y = 0.01. 3aBHCHMocTb Im (crtr/cro) ot B&jiHHHHbi q. 
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Phc. 6. 3aBHCHMOCTb Im (o"t r /a"o) ot BejiiiHHHbi q. KpHBbie 1,2,3 OTBenaioT 3HaneHHHM 
napaMeTpa x = 1, 1.5, 2. 



Phc. 7. 3aBnciiMocTb Re(et r ) ot BejiHHHHbi q. 




Phc. 8. 3 aBiicHMocTb Im(et r ) ot BejiiiHiiHbi q. 



24 



JIHTEPATYPA 

1. Klimontovich Y. and Silin V.P. The Spectra of Systems of Interacting Particles 
// JETF (Journal Experimental Theoreticheskoi Fiziki), 23, 151 (1952). 

2. Lindhard J. On the properties of a gas of charged particles / / Kongelige Danske 
Videnskabernes Selskab, Matematisk-Fysiske Meddelelser. V. 28, N 2 8 (1954), 1- 
57. 

3. Kliewer K.L., Fuchs R. Lindhard Dielectric Functions with a Finite Electron 
Lifetime // Phys. Rev. 1969. V. 181. W2. P. 552-558. 

4. Mermin N.D. Lindhard Dielectric Functions in the Relaxation-Time 
Approximation // Phys. Rev. B. 1970. V. 1, m. P. 2362-2363. 



5. Manfredi G. How to model quantum plasmas / / |ArXiv:quant-ph/ 0505004 30 
pp. 

6. De Andres P., Monreal R., and Flores F. Relaxation-time effects in the 
transverse dielectric function and the electromagnetic properties of metallic 
surfaces and small particles / Phys. Rev. B. 1986. Vol. 34,N 2 10, 7365-7366. 

7. Shukla P.K. and Eliasson B. Nonlinear aspects of quantum plasma physics / / 
Uspekhy Fiz. Nauk, 53(1) 2010; [V. 180. No. 1, 55-82 (2010) (in Russian)]. 

8. Opher M., Morales G.J., Leboeuf J.N. Krook collisional models of the kinetic 
susceptibility of plasmas // Phys. Rev. E. V. 66, 016407, 2002. 

9. Fuchs R., Kliewer K.L. Surface plasmon in a semi-infinite free-electron gas / / 
Phys. Rev. B. 1971. V. 3. m. P. 2270-2278. 

10. Fuchs R., Kliewer K.L. Optical properties of an electron gas: further studies of 
a nonlocal description // Phys. Rev. 1969. V. 185. JV«3. P. 905-913. 

11. Dressel M., Griiner G. Electrodynamics of Solids. Optical Properties of 
Electrons in Matter / Cambridge. Univ. Press. 2003. 487 p. 

12. Brodin G., Marklund M., Manfredi G. Quantum Plasma Effects in the Classical 
Regime // Phys. Rev. Letters. 100, (2008). P. 175001-1 - 175001-4. 

13. Wigner E.P. On the quantum correction for thermodynamic equilibrium / / 
Phys. Rev. 40 (1932), 749-759. 



14. Pains D, Nozier P. The theory of quantum liquids/ / Benjamin, New York, 
1969. 



